A pure culture of an Agrobacterium sp. (deposited as ATCC 55002) that mineralizes the ferric chelate of EDTA (ferric-EDTA) was isolated by selective enrichment from a treatment facility receiving industrial waste containing ferric-EDTA. The isolate grew on ferric-EDTA as the sole carbon source at concentrations exceeding 100 mM. As the degradation proceeded, carbon dioxide, ammonia, and an unidentified metabolite(s) were produced; the pH increased, and iron was precipitated from solution. The maximum rate of degradation observed with sodium ferric-EDTA as the substrate was 24 mM/day. At a substrate concentration of 35 mM, 90% of the substrate was degraded in 3 days and 70% of the associated chemical oxygen demand was removed from solution. Less than 15% of the carbon initially present was incorporated into the cell mass. Significant growth of this strain was not observed with uncomplexed EDTA as the sole carbon source at comparable concentrations; however, the ferric chelate of propylenediaminetetraacetic acid (ferric-PDTA) did support growth.
The ferric chelate of EDTA (ferric-EDTA) and other metal chelates of EDTA are not readily biodegradable (4) . The chelator has been reported to pass through secondary treatment facilities without notable degradation (15) . This has led to concerns about the possible accumulation of EDTA in the environment as well as the possible transport of heavy metals by release of high concentrations into rivers or sediments polluted with metals. EDTA has also been implicated in the mobilization of radionuclides from nuclearwaste disposal sites (12) .
Previous studies have indicated that accumulation of ferric-EDTA in the environment over years is unlikely. When ferric-EDTA is present at relatively low concentrations (2 to 1,000 p,g/g in soil), it is biologically removed from soils and sediments (16, 17) . In these studies, the disappearance of low concentrations of EDTA and its metal chelates was shown to occur in 15 to 45 weeks in a wide variety of soils. No single bacterial type was isolated that was capable of metabolizing EDTA or its metal chelates; rather, cometabolism by a mixed population was postulated as the most probable mechanism of degradation.
In liquid culture at .2 mM EDTA, mixed cultures of aerobic bacteria degraded more than 90% of the ferric chelate in 5 days (2) . Again, no pure culture was isolated that would grow on this substrate as the sole carbon source.
Although there are no published reports of single cultures of microorganisms capable of degrading ferric-EDTA (5), a patent claims that there are Pseudomonas and Alcaligenes strains capable of degrading EDTA under aerobic conditions (Nagase Seikagaku Kogyo K.K., Japanese Laid-Open Patent Application [Kokai] 58043782, 1983) . The maximum substrate concentration claimed was 5 mM and required 5 days for 80% degradation.
Besides biological degradation, the ferric chelate can be degraded by UV irradiation (6, 8) , which may be an alterna-tive mechanism for removal of the substrate from the environment. Lockhart and Blakeley (10, 11) have demonstrated degradation in bright sunlight under simulated environmental conditions. The degradation was found to vary from 1-2 days for removal of the parent compound at an initial concentration of 1.6 mM and pH 4.9 to more than 10 days at an initial concentration of 9.8 mM and pH 6.9. In these studies, although transformation of ferric-EDTA was demonstrated, extensive mineralization did not occur. In the present study, we describe the ability of a pure culture of Agrobacterium sp. to grow on ferric-EDTA as the sole carbon source at concentrations exceeding 100 mM. The maximum observed rate of degradation, 24 mM/day, is an order of magnitude faster than that previously reported for the degradation of EDTA or its metal chelates.
MATERIALS AND METHODS
Chemicals. Ammonium ferric-[2-14C]EDTA and unlabeled ammonium ferric-EDTA were synthesized and purified as described previously (2) Iron assay. For the estimation of total iron, a modification of Stookey's ferrozine procedure (14) was used. To release the iron cation from ferric-EDTA, 50-p.l samples were digested by using a procedure adapted from method 302E in Standard Methods for the Examination of Water and Wastewater (1) . Samples (50 p.l), followed by concentrated nitric acid (50 p.l) and sulfuric acids (100 p.1), were added to acid-cleaned, thick-walled, screw-cap test tubes (equivalent to Hach COD test tubes), which were tightly capped and heated to reflux at 150°C for 15 min in a COD reactor. After cooling, the test tubes were uncapped and replaced in the heated reactor for a maximum of 10 min, but not long enough for them to thoroughly dry. After cooling, 200 of acidferrozine reagent (0.514 g of ferrozine, 10 g of hydroxylamine hydrochloride, and 50 ml of concentrated hydrochloric acid diluted to 100 ml with distilled water), 1.5 ml of buffer (40 g of ammonium acetate and 35 ml of concentrated ammonium hydroxide diluted to 100 ml with distilled water), and 5.4 ml of distilled water were added to dilute and buffer the samples between pH 5 and 9. The assay was calibrated by linear least-squares analysis of the A562 values (measured in a Hach model DR/3 spectrometer) and concentrations of standards (NH4FeSO4 * 12H20; total iron, 20 to 1,000 mg/ liter). At concentrations of total iron greater than 50 mg/liter, the observed precision and accuracy for samples containing ferric-EDTA were better than 5%.
Test 13 ,000 x g from a seed flask of the same medium after growth overnight in a shaker-incubator at the same temperature.
Incubations at the 7.2-liter scale. Larger-scale incubations (7.2 liters) were run in a computer-controlled, 14-liter CF 3000 fermentor (Chemap AG, Volketswil, Switzerland). Broth (6 liters) containing basal medium (without biotin), sodium ferric-EDTA (35 mM), and phosphate buffer (100 mM; pH 7.4) was heat sterilized in situ in the fermentor. Additional iron (1 mM) and biotin (0.002 mM) were added from separate stock solutions which had been filter sterilized.
Whole-cell broth (1.2 liters) grown overnight in the same medium in shake flasks was added to inoculate the 6 liters of medium. Air was supplied at a flow rate of 6 liters/min, and the temperature was held at 28°C. Automatic addition of sodium hydroxide was used to maintain the pH between 7.2 and 7.4.
For supplementation with additional carbon sources, a solution containing sucrose and yeast extract (250 g/liter each) was delivered at a constant rate (0.2 g/min). This feed composition was based on previous work on the cultivation of agrobacteria (7, 9 solutions throughout the experiment. With the inoculated samples an initial burst of radioactivity was observed, followed by a declining generation of CO2. In these experiments the total amount of radioactivity trapped in KOH was only 20% of that initially added. At the end of the experiment 56% remained in solution and another 10% was associated with the cell pellet. Therefore, 86% of the radioactivity in the inoculated samples was recovered. In the uninoculated control, 100% of the radioactivity was recovered in solution at the end of the experiment. In these experiments no attempt was made to measure, or to adjust, the pH of the solutions during the incubations.
Cultivation at the 1-liter scale. To permit the control of pH, the isolate was grown in a 2-liter fermentor containing 1 liter of medium initially at pH 7.4 (Fig. 3) . The pH of the solution was maintained between 7.4 and 7.7 by the addition of acid. In this case, ferric-EDTA degradation was extensive. As ferric-EDTA was degraded, soluble iron decreased in solution and the concentration of ammonia steadily increased. Also, as degradation proceeded, the COD of the broth, both tions in media initially at pH 6.2 and 7.4. At first, the isolate grew at the same rate in both media; however, as the incubation continued, growth stopped sooner and at a lower density in the flask that had started at pH 7.4. As biodegradation proceeded, the pH increased. In the flask started at pH 7.4, growth and removal of ferric-EDTA stopped when the pH increased to 8.2. At succeeding time points, the apparent increase in the ferric-EDTA concentration in this flask was due to concentration of the media as a result of evaporation during the course of the experiment.
For the flask started at pH 6.2, the pH during incubation, although steadily increasing, never exceeded 8. The isolate continued to degrade ferric-EDTA until the end of the experiment, when 85% of the initial concentration had been removed from solution. The maximum cell density for this flask was more than twice that for the flask started at pH 7.4.
Radiorespirometric experiments. The isolate was added to media containing ferric-EDTA radiolabeled with carbon 14 in the 2-acetate position and incubated in test tubes for 6 days at 31°C. The generation of 14CO2 was measured daily by trapping in KOH. For uninoculated controls, no radioactivity above background levels was found in the KOH whole and cell free, decreased until 93% of the ferric-EDTA initially present had been degraded. Although the substrate was nearly completely removed from solution, the final COD in solution amounted to 30% of that initially present.
Comparison of BOD and COD after degradation of ferric-EDTA. Samples of uninoculated media, the cell-free broth from the end of the 1-liter incubation (above), and the final cell-free broth from a replicate incubation that had been stopped after 110 h were tested for BOD. For the 5-day BOD test, the ratio of BOD to COD was 2.7% for the uninoculated broth and nearly the same (3.7 and 6.1%) for the spent broths. For the 28-day BOD test the ratio of BOD to COD was 14.6% in the uninoculated broth, but considerably larger for the spent broths (52.3 and 60.6%).
Incubations at the 7.2-liter scale. To determine the carbon and nitrogen mass balance during biodegradation with ferric-EDTA as the sole carbon source, we ran incubations in a computer-controlled fermentor which was continuously monitored for the production of CO2 (above background levels) by a mass spectrometer. As degradation proceeded, both ferric-EDTA and soluble iron decreased at nearly the same rate as for the 1-liter incubation. As the fermentation proceeded, both ammonia and CO2 were generated in parallel as the COD decreased. At the end of the fermentation, COD had decreased by 61%, the ammonia concentration had increased equivalent to conversion of 59% of the nitrogen from ferric-EDTA, and the CO2 released accounted for 65% of the carbon from ferric-EDTA. Since the concentration measurements (NH3 and COD) were not corrected for evaporation, the calculated percentages for COD decrease understate the amount of biodegradation that had occurred.
A duplicate fermentation was run parallel to the one above, but with the addition of a steady feed of sucrose and yeast extract as supplemental carbon sources. At the end of the fermentation, 37% of the initial ferric-EDTA had been degraded compared with more than 85% when ferric-EDTA was present as the sole carbon source.
Chelators as growth substrates. Growth of Agrobacterium sp. strain ATCC 55002 on other chelators and metals was assessed in test tube incubations for 24 days with substrates inoculated at an initial OD of 0.4. The extent of growth was determined by comparing the final OD of each inoculated sample with that of a replicate to which mercuric chloride had been added as a bacteriocide. This procedure corrected for any physical or chemical processes that may cause an increase in OD during the incubation. The assumption was made that any increased OD relative to the respective mercury-treated control would be caused by bacterial growth on the substrate. Substrates that produced an OD fivefold greater than the respective controls at the end of the experiment for both concentrations tested were classified as positive ( Table 1) .
As defined above, no unequivocal growth was observed with any of the free chelators. Only EDTA and PDTA, when chelated with iron, supported vigorous growth.
Effect of ferric-EDTA concentration on degradation by Agrobacterium sp. strain ATCC 55002. To determine the maximum initial ferric-EDTA concentration that the isolate would tolerate, a series of test tube incubations using basal medium buffered with phosphate at 100 mM were carried out for 48 h. The initial ferric-EDTA concentration was varied from 2.9 to 140 mM. The values for the concentration removed (calculated by subtracting the concentration remaining at 48 h from the concentration initially added) are plotted in Fig. 4 .
The extent of degradation was related to the initial pH. At the lower initial pH, more ferric-EDTA was degraded for all concentrations tested. The degradation proceeded to consume an average maximum of 48 mM of substrate at an initial pH of 6.2 and 28 mM at pH 7.4. In both sets of data the maximum degradation extended to the highest concentration tested.
DISCUSSION
The pure culture of Agrobacterium sp. strain ATCC 55002 that we have isolated is capable of degrading ferric-EDTA at rates and substrate concentrations significantly greater than any reported previously. Previous substrate concentrations studied have been limited to 5 mM or less in either liquid culture (2; Nagase Seikagaku Kogyo K.K., patent application) or soil (16, 17) . Rates for degradation of the chelate or its metal complex in liquid culture were reported to be less than 1 mM/day. In the present study, we have demonstrated disappearance of ferric-EDTA at concentrations above 100 mM at rates as high as 24 mM/day. That With this Agrobacterium sp. the equivalent of 64 and 59%, respectively, of the theoretical CO2 and NH3 possible from the complete mineralization of the substrate was measured after a 3-day incubation. At the same time, the COD of the solution had decreased by 61%. This indicates not only a substantial mineralization of the substrate, but also a conversion which does not result in extensive conversion to cell mass. Since 64% of the carbon was measured as C02, only 36% remained for conversion to cell mass and metabolites.
From the final COD measurement, 39% of the oxidizable carbon remained in solution as metabolites and nondegraded substrate. Since COD was not corrected for the unknown amount of evaporation which took place during the fermentation, the measured COD was a conservative estimate of the true extent of COD removal. The true COD removed relative to that initially present must have been greater than this measured value. Thus, less than the calculated 39% remained in solution. Still, even if a generous 10%/day decrease in volume as a result of evaporation (equivalent to an increase in concentration of 10%/day) is assumed, the minimum COD remaining in solution after 3 days should be 27% of the initial amount. If one considers that the errors inherent in measuring the initial ferric-EDTA concentration and COD are estimated to be 5%, the maximum amount of carbon which could be incorporated into cell mass is less than 20% (36 -27 + 10 = 19) of the initial carbon present from ferric-EDTA.
Measurement of the COD from incubation samples, before and after removal of cell mass and precipitate by centrifugation, confirms the relatively small amount of cell mass produced by the degradation. At the end of the 1-liter incubation (Fig. 3) , the difference between the two measurements of COD amounted to a COD equivalent to 10% of the ferric-EDTA initially present. Since 70% of the COD had been removed by the biodegradation at the end of the fermentation, at most 14% (10/70 = 0.14) of the carbon from the ferric-EDTA concentration that was That iron may be required for vigorous growth of the isolate was also indicated by some preliminary growth studies. In our normal procedure for preparing media, ferric-EDTA was dissolved in basal medium consisting of minerals, biotin, and phosphate buffer. After all the components were dissolved, the pH of the media was adjusted. As the pH was increased, a red-orange flocculent precipitate characteristic of iron hydroxides formed. The media were then filter sterilized, which removed the precipitated iron and left an excess of EDTA in solution. The excess becomes greater if the pH is increased further before filtration. In some early experiments (data not shown), a variable and often long lag time (3 days) was observed when attempting to cultivate the strain in ferric-EDTA media, which contained a large excess of EDTA produced in this way. In fact, to ensure minimal lag phase in our larger-scale incubations, we added ferric chloride to the sterile-filtered media to replace some of the iron removed by the filtration. This supplementation consistently produced minimal lag times.
The requirement for iron may be related to nutritional requirements of the microorganisms. Microorganisms that are adapted to a low-iron environment often have substances associated with their-cell surface (siderophores) that can strongly chelate trace amounts of iron to provide for the nutritional requirements of the microorganism. The Agrobacterium strain we have isolated may have evolved an enzyme and transport system that requires iron to be bound to EDTA for metabolism to occur. This would not be unreasonable since the organism was isolated from an environment exposed for several years to a continual and substantial input of ferric-EDTA included with other wastes. The ability of the microorganism to use ferric-EDTA for its iron and energy requirements would have provided it with a selective advantage in that environment. Similar specific receptors for the iron chelate of citric acid have been observed (13, 18 
